Purpose: To study the effects of age, race, years of contact lens wear, and degree of myopia on endothelial cell density, the coefficient of variation, and the percentage of hexagonal cells.
T he corneal endothelium plays an important role in regulating stromal hydration and thus maintaining the transparency of the cornea. Corneal endothelial morphology status is usually described by 3 aspects: endothelial cell density (ECD), which is the number of corneal endothelial cells per square millimeter; coefficient of variation (CoV), which is the mean cell area divided by the SD of the cell area;
and percentage of 6-sided or hexagonal cells (% Hex). When some corneal endothelial cells die, the remaining cells cannot divide fast enough to replace the dead cells. Instead, they enlarge and spread to cover the dead cells to maintain the intact monolayer mosaic. However, not all corneal endothelial cells enlarge to the same degree; therefore, some of the cells became larger than others and thus increased the variation of cell shapes and sizes. An increase in CoV is called polymegethism. A decrease in 6-sided cells and a corresponding increase in cells with more or fewer than 6 sides is called pleomorphism.
Past studies have shown that certain changes in corneal endothelial morphology are the best indicators of corneal stress or instability. [1] [2] [3] For example, contact lens wear causes ECD decrease, polymegathism, and pleomorphism. [4] [5] [6] [7] [8] [9] Likewise, age causes a reduction in corneal endothelial density. 10 The % Hex also decreases as a function of age. 11 Myopia (nearsightedness) affects 25% of the population in the United States and greater proportions of the population in Asian countries. 12 The prevalence of myopia is 84% for children between 16 and 18 years of age in Taiwan. In Hong Kong, the prevalence of myopia among children from 13 to 15 years old at local schools is from 85% to 88%. 13, 14 Myopia, higher levels particularly, is associated with increased risk of cataract, 15, 16 posterior vitreous detachment, retinal tears and retinal detachment, 17 and myopic macular degeneration. 18 Despite an impressive body of research, little is known about the effect of myopia on the cornea, particularly the corneal endothelium. The status of the corneal endothelium in myopia is of interest for several reasons. First, highly myopic patients are at greater risk of developing cataracts and thus undergo cataract surgery in greater numbers. 15 The integrity of the corneal endothelium is important for successful visual outcomes after cataract surgery, and cataract surgery itself may cause endothelial cell damage. 6 Second, highly myopic patients are more likely to choose contact lenses, which in turn can affect the endothelium. Third, some myopia patients who are former contact lens wearers may choose other methods of vision correction such as laser in situ keratomileusis (LASIK), intrastromal corneal ring segments, or phakic intraocular lenses (IOLs).
The effect of any given variable on the corneal endothelium may be confounded by other factors. For example, highly myopic patients are more likely to have worn contact lenses for a long time and thus the effect of contact lens wear may confound the effect of myopia. Likewise, older myopes will, on average, have worn contact lenses for longer than young myopes, so contact lens wear may be a confounder for age. The aim of this study was to investigate simultaneously the effects of age, race, sex, contact lens wear, and refractive error on corneal endothelial morphology by using multivariate analysis and to evaluate possible interactions between these factors.
MATERIALS AND METHODS
The study was approved by the Ohio State University Office of Responsible Research Practices, and written informed consent was obtained from all subjects before their participation. Faculty, staff, and students of the Ohio State University and patients of the contact lens service of the Ohio State University College of Optometry were recruited between February 2005 and November 2005. A research advertisement that listed the inclusion and exclusion criteria was used to introduce the research study to all potential subjects. The advertisement was also placed in a campus newspaper and distributed to some campus organizations. The text emphasized our interest in long-term contact lens wearers and high myopes. Subjects had to be older than 18 years. Subjects with active eye disease, history of serious eye injury, eye surgery, or diabetes were excluded from the study. Neither the subject nor the investigator knew the subject's corneal endothelial status when a subject was recruited. A total of 149 subjects 19 to 71 years of age (mean, 33 6 11 years) were recruited. Of these, 60 (40%) were men and 89 (60%) were women. Ninety subjects were white, 5 subjects were black, 52 subjects were Asian, and 2 subjects were Hispanic. The NonCon Robo Pachy Model SP-9000LC specular microscope (Konan Medical Corp., Fairlawn, NJ) was used to record 2 central corneal endothelial images of each subject's right eye. The endothelial image with the greatest number of discernible cells from each subject was selected and analyzed by the KSS-300 image analysis system. After we picked the image, the ''Analysis'' box on the main menu was chosen, prompting an analysis screen to pop up. Then a left click of the mouse placed a green dot at the center of each cell. As many contiguous cells as possible were dotted, and no cells were omitted in the middle of the group. After the dotting was finished, the ''End'' box was clicked, and the main screen appeared with the results of the analysis. The image analysis system generated estimates of corneal ECD (cells per square millimeter), CoV (polymegathism), and % Hex (pleomorphism), which served as dependent variables studied in subsequent analyses. Age (in years), years of contact lens wear, refractive error (in diopters), sex, and race were recorded and used as independent variables. Because only 5 black subjects and 2 Hispanic subjects were recruited, they were combined with the white subjects to form a non-Asian group.
The SPSS 13.0 statistical software package (Chicago, IL) was used to analyze all data. After descriptive analyses, univariate linear regression was performed to determine whether age, contact lens wearing time, refractive error, sex, and race were each correlated with corneal ECD, CoV, and % Hex. Normality, linearity, and equal variance assumptions were examined for each analysis. For each independent variable, the adjusted R 2 values from each simple linear regression model were compared, and the variable with the highest R 2 was used as the first factor to build the multivariate model. The multivariate model was built by adding the independent variable with the second-highest adjusted R 2 and so on until the adjusted R 2 stopped increasing. Plausible biologic interactions were evaluated for inclusion in the model. Finally, the normality, linearity, and equal variance assumptions were evaluated.
RESULTS
Subjects had refractive errors between -12.00 and +3.75 D (mean, -4.11 6 3.03 D), with 59 (40%) having more than -5 D of myopia. Subjects reported up to 40 years of contact lens wear (mean, 8.7 6 9.7 years). Twenty (13%) reported .20 years of contact wear, whereas 48 (32%) had never worn contact lenses. Eighty-three (56%) wore soft lenses, 16 (11%) wore rigid gas permeable (RGP) lenses, and 2 wore polymethylmethacrylate (PMMA) lenses. The mean ECD for all 149 subjects was 2912 6 347 cells/mm 2 , the mean CoV was 33% 6 6.6%, and the mean % Hex was 58.7% 6 9.1%. Figure 1 shows the distributions of age, refractive error, and years of contact lens wear. No collinearity was found between age and years of contact lens wear. Table 1 shows the summary of the univariate analyses. Age, race, sex, and years of contact lens wear were significantly correlated with endothelial cell density. In the multivariate regression analysis, however, age and race significantly affected ECD, but sex and years of contact lens wear did not. We did not think there was any biologically reasonable interaction between age and race; therefore, we did not check for any interaction. Table 2 shows the summary of the multiple regression model for corneal endothelial density. The equation for the resultant multivariate model (R 2 = 0.235) for ECD is ECD ¼ 3274 À 12:7 3 age þ 164 if Asian ð Þ Figure 2 shows the relationship between ECD and age. The Asian subjects are shown by different symbols and a separate parallel regression line.
Age, years of contact lens wear, and refractive error were significantly correlated with CoV in the univariate analysis. In the multivariate regression analysis, however, years of contact lens wear, age, and their interaction significantly affected CoV. Table 2 shows the summary of the multiple regression model for CoV. The equation for the resultant multivariate model (R 2 = 0.213) for CoV is CoV ¼ 24:3 þ 0:72 3 years of contact lens wear þ 0:18 3 age À 0:011 3 interaction Figure 3 shows the relationship between CoV and, its strongest predictor, years of contact lens wear.
Age, years of contact lens wear, and refractive error were also significantly correlated with % Hex in the univariate analysis. This time, all 3 variables were significant in the multivariate analysis. No interactions (eg, years of contact lens wear and refractive error) were significant. 
DISCUSSION
Using multiple regression analysis, we found that 3 aspects of corneal endothelial morphology, including ECD, the CoV, and the % Hex, are affected by different variables. Among the factors we studied, only age and race were found to be related significantly to corneal ECD. Consistent with previous studies, Asians have higher corneal ECDs than non-Asian subjects. 19 Our results confirm previous studies showing age as a factor in cornea endothelial cell morphology change. 10, [20] [21] [22] The observed yearly ECD decrease was ;0.5% (Fig. 1 ). 23 This finding is similar to the 0.6% per year loss found by Bourne et al 24 in healthy subjects.
Years of contact lens wear has been reported by some studies to have caused corneal ECD decrease. [7] [8] [9] Although it was a significant factor in our univariate analysis, years of contact lens wear was not a significant factor in the multiple regression model of corneal ECD. Several factors may be responsible for differences between this study and previous research. The first is study design and statistical methods. A good example of this is the elimination of contact lens wear as a significant determinant of ECD. In a univariate analysis, age is a confounding variable, because subjects who have worn contact lenses for many years tend to be older than those with shorter histories of lens wear. To the best of our knowledge, there are no studies that have controlled for confounding variables and evaluated interactions between potential risk factors. The second factor is the number of subjects studied. Most previous studies recruited ,50 subjects. 1, 8, 25 Few studies had .100 subjects, 7 whereas we recruited 149 subjects, including 101 contact lens wearers. The third consideration is the type of contact lenses worn. Earlier studies had most subjects wearing PMMA or RGP lenses. Later studies had more subjects who wore soft lenses, and recent studies report on subjects wearing high-oxygentransmission soft contact lenses. We did not ask the exact type and design of the contact lens worn throughout the lives of our subjects, although it probably followed the evolution of contact lens materials and the market situation. We believe most of our soft lens-wearing subjects are currently wearing contact lenses with high-oxygen-transmission. Therefore, we speculated that modern high-oxygen-transmission contact lenses could cause less change in corneal endothelial morphology than the older types of contact lenses. Ideally, we should also study the effect of the type of contact lens on corneal endothelial morphology, and the information about the exact type and design of contact lens should have been collected. Because of the relative small sample size in the PMMA (2 subjects) and RGP (16 subjects) wearer groups, it is not appropriate to do a multiple regression analysis of them as separate groups. We also found it was impossible to get detailed information about the exact brand or design of the contact lens from most of our subjects. Therefore, years of contact lens wear was used without differentiating type of contact lenses. Finally, improvement in endothelial morphology after cessation of contact lens wear or change of lens type may influence findings. A retrospective study of 61 subjects who had stopped wearing PMMA or hydroxyethylmethacrylate (HEMA) contact lenses and switched to RGP lenses, high-water-content soft lenses, or spectacles 21 found that there was a significant decrease in the CoV from 37.5% to 35.7% and an increase in the % Hex from 54.2% to 56.2% after 6.8 years of follow-up. Edmonds et al 26 measured corneal endothelial morphology on 9 subjects before and 1 year after changing from low-Dk hydrogel lenses to high-Dk hydrogel lenses. They found that there was a 2.6% 6 4.3% decrease in the CoV and a 2.0% 6 6.8% increase in % Hex. Thus, corneal endothelial cells have the potency to recover after the stress is removed or lessened. There can also be a decrease in the CoV in patients after LASIK surgery, presumably because of the cessation of contact lens wear. 27 Therefore, because the corneal endothelial morphology is, in part, reversible, having subjects with complicated contact lens wearing history can account for differences between studies. Asians have a higher prevalence of myopia. [28] [29] [30] Therefore, it is more common for Asians to select vision correction treatments, such as contact lens wear, laser refractive surgery, or other surgery. All of these treatments can cause changes in the corneal endothelial cell morphology. Interestingly, we found that Asians had a higher corneal ECD. This high ECD reserve may help the corneas to resist the detrimental effect of surgeries when undergoing vision correction treatment.
Our results showed that years of contact lens wear was the most significant factor in multiple regression models of both CoV and % Hex. Changes in the CoV and the percentage of hexagonal cells are thought to be the early changes that precede a decrease in the ECD. Pleomorphism and polymegethism indicate that the cornea is under stress, and ECD decrease indicates that cell death has happened. 31 In diabetes mellitus, corneal ECD decreased 14.6 years after pleomorphism and polymegethism were observed. 32 Lee et al 9 postulate that the sequence of the corneal endothelial cell changes in contact lens wearers is a change in endothelial hexagonality followed by a change in CoV, with the cell density decreasing last. ECD is not sensitive in reflecting pathologic change, especially at an early disease stage or contact lens wear. The CoV and the % Hex, on the contrary, are early indicators of pathologic change in the cornea.
In the model of the factors associated with the CoV, there was an interaction between age and years of contact lens wear. This means age and years of contact lens wear interact in their effects on CoV. Therefore, to achieve a reliable result in such studies, possible interactions between independent factors should be analyzed.
In the multiple regression model of % Hex, refractive error was associated significantly with the % Hex. There have been few studies that assessed refractive error with the corneal endothelium. Hoffer et al 10 found that corneal ECD was slightly higher (1.6%) in myopes than in emmetropes; however, the study did not control for age, which is the factor most highly associated with corneal ECD. Urban et al 33 found that corneal ECD decreased in eyes with high myopia in subjects between 13 and 18 years of age. Chang et al 34 studied 216 Asian subjects with a mean age of 22.2 years and found that corneal ECD was lower in eyes with longer axial length. To the best of our knowledge, the influence of refractive error on CoV or % Hex has not been reported previously. Thus, in future studies of contact lens wear and corneal endothelial morphology, refractive error should be considered as a confounding factor in the research design.
We evaluated factors that are associated with corneal ECD, CoV, and % Hex. Nonetheless, there are some unanswered questions and limitations in this study. First, we limited our analysis to central corneal endothelial morphology. We did not assess paracentral and peripheral corneal endothelial morphology. Compared with the central corneal endothelium, there is a 5.8% and 9.6% increase in paracentral and peripheral cornea ECD, respectively. 35 Thus, a more comprehensive study that includes central, paracentral, and peripheral cornea endothelial morphology could provide more information about corneal endothelial cell morphology. For example, MacRae et al 31 found no change in mean central ECD but a significant decrease in peripheral density in patients with a 20-year history of PMMA lens wear. Second, the age distribution of subjects in this study could be better. More than 50% of our subjects were younger than 30 years, because of the ease of recruiting college-age students. Only 11.4% of our subjects were older than 50 years. Even though age was a significant factor in all multivariate models, a sample with a more even age distribution might generate models with different coefficients. Finally, we are uncertain of the reason for the association between refractive error with corneal endothelial morphology. Myopic corneas may be more fragile and more susceptible to mechanical stress, but the exact mechanism by which myopia causes corneal endothelial morphology change is beyond the scope of this study.
